Background--Optimal initial treatment for congenital aortic valve stenosis in children remains unclear between balloon aortic valvuloplasty (BAV) and surgical aortic valvotomy (SAV).
O ptimal initial treatment for congenital aortic valve stenosis in children remains controversial. Ideally, initial intervention would achieve adequate relief of obstruction without causing significant regurgitation. Balloon aortic valvuloplasty (BAV) and surgical aortic valvotomy (SAV) represent competing strategies, and the choice of primary intervention is typically based on institutional preference.
A 2001 landmark analysis of the Congenital Heart Surgeons' Society database demonstrated equivalent outcomes in regard to survival and need for reintervention for BAV compared to SAV in 110 neonates across 18 institutions. 1 Given similar outcomes, many have considered catheter-based balloon valvuloplasty to be a more attractive option as it is less invasive with shorter postprocedural recovery. However, recent single-center analyses have shown better outcomes with surgical valvotomy. These improved outcomes have been attributed to the use of contemporary surgical approaches using more precise techniques. 2, 3 To date no randomized trial has compared BAV and SAV, and it is unlikely such a trial will provide answers in the near future, as long-term follow-up is needed for comparison.
In light of the current controversy surrounding the optimal initial strategy for intervention, we performed a contemporary systematic review and, using pooled data from single-and dual-arm studies, conducted a meta-analysis. Our primary objective was to determine whether BAV or SAV as primary intervention for congenital aortic valve stenosis in pediatric patients had superior outcomes in regard to rates of reintervention, aortic valve replacement, and survival. Because our primary objective was to evaluate contemporary outcomes, we only included studies published after 2000. This search strategy identified 4113 studies with 1 additional article identified in the reference list search. Abstracts from potentially relevant articles were evaluated by a pediatric cardiologist (G.D.H.) to determine eligibility for inclusion in the analysis. All studies reporting outcomes of either BAV and/or SAV as primary intervention for aortic stenosis in children/adolescents ≤18 years of age at the time of intervention were included. Studies including patients >18 years of age or valve replacement as initial treatment were included only if those patients could be eliminated from the analysis. Studies reporting fewer than 10 patients, studies not published in English, and those that were only abstracts from scientific meetings without a published manuscript were excluded. When multiple studies were reported from the same institution with potentially overlapping patients, the most recent study was used. After application of the inclusion/exclusion criteria, 20 studies were eligible for the meta-analysis ( Figure 1 ). [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Two database studies were included that may have overlapping patients with other single-center reports. 1, 8 Records identified through database searching (n = 4113)
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Full-text articles excluded, with reason n = 11, duplicate data n = 6, not English n = 9, includes adults n = 2, wrong outcomes n=1, includes primary replacement Studies Study quality was assessed independently by 2 reviewers (R.R., S.G.) using the Hayden bias-rating tool. This scale rates 6 domains (study participation, study attrition, prognostic factor measurement, outcome measurement, study confounding, and statistical analysis and reporting) for their risk of bias. 21 The rating was converted to a numeric scale (3=high risk of bias, 2=moderate risk of bias, 1=low risk of bias) for each of the domains with a minimum possible total score of 6 (lowest risk of bias) and maximum possible total score of 18 (highest risk of bias). Interrater reliability was assessed using the Cohen j coefficient. Data extracted by a single author (G.D.H) included subject characteristics including age at intervention, number of neonates (≤30 days of age at intervention) and infants (<1 year of age), valve morphology (unicuspid, bicuspid, or tricuspid), peak preintervention echocardiographic Doppler gradient, and outcomes of intervention (including number with moderate or greater regurgitation at discharge, hospital or 30-day mortality, and peak postintervention gradient). In addition to these outcomes, Kaplan-Meier data were extracted from a subset of 13 studies with available data on long-term survival, time to reintervention, and/or time to aortic valve replacement. Reintervention included repeat BAV, SAV, or valve replacement, but most studies did not differentiate SAV from BAV reinterventions. For this analysis we used the method described by Guyot et al to recreate individual patient data by distributing censoring evenly over intervals where numbers at risk were provided. 22 We used Plot Digitizer 2.6.6 to extract coordinates from curves. For some studies, data could not be extracted accurately by this method because numbers at risk were not provided or because of different grouping of patients. In these cases authors were contacted, and individual patient data from 2 of these studies were provided by the study authors. 15, 18 Data were pooled using the Mantel-Haenszel random-effects model, and heterogeneity was assessed using the I 2 method. Pooled categorical comparisons were made using a Chi-squared test. For all analyses our primary outcome of interest was survival, which was assessed in the short-term (hospital/30-day survival) and at longer-term follow-up. Secondary outcomes included at least moderate regurgitation at hospital discharge, long-term freedom from aortic valve replacement, and freedom from reintervention. For comparisons of short-term outcomes, all noncomparative studies were pooled into a single study to generate comparisons of hospital/30-day survival and at least moderate regurgitation at discharge. For longer-term outcomes, extracted and authorsupplied individual patient data were used to generate Kaplan-Meier curves for survival, freedom from aortic valve replacement, and freedom from reintervention. As a sensitivity analysis, Kaplan-Meier curves for survival, freedom from aortic valve replacement, and freedom from reintervention were also created using studies limited to infants (<1 year) at the time of BAV or SAV and studies in which individual patient data could limit inclusion to this age group. Meta-regression including overall Hayden risk of bias score was performed for all hospital outcomes. Kaplan-Meier curves for survival, freedom from aortic valve replacement, and freedom from reintervention were also stratified by the Hayden risk of bias score with separate curves for those at lowest risk of bias (score of 6) and those at higher risk created to ensure results were similar. Publication bias was assessed visually with a funnel plot. Data analysis was performed using Stata 13 (Stata Corp, College Station, TX) with P<0.05 considered significant.
Results
Overall, 2368 patients were included in the analysis including 1835 (77%) in the BAV group and 533 (23%) in the SAV group. Studies included in the analysis and those with data appropriate for Kaplan-Meier data extraction along with Hayden bias scores can be seen in Table 1 . Hayden scores ranged from 6 to 9. Full scoring by Hayden bias domain can be seen in Table S1 . There was 97% agreement and a j coefficient of 0.73 for interrater reliability.
Overall mean age at intervention was 2.9 (95% CI À0.7 to 6.4) months with a mean peak preintervention systolic Doppler gradient of 77 (95% CI 66-88) mm Hg. There were no significant differences between the BAV and SAV groups with respect to these 2 variables (Table 2 ). There were differences between groups in the amount of reported data: specifically, age group was more often reported in the BAV group, and valve morphology was more commonly reported in the SAV group. In those studies reporting data for age group, there was a higher percentage of children age ≥1 year in the BAV group (33% for BAV versus 24% for SAV, P=0.03). In those studies reporting data for valve morphology, unicuspid aortic valve was more common in the BAV group (P=0.02).
Hospital/Short-Term Outcomes
There was no difference in postintervention peak systolic Doppler gradient (28 mm Hg [95% CI [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] for SAV versus 37 mm Hg [95% CI 26-49] for BAV, P=0.06) nor frequency of at least moderate aortic regurgitation at discharge with SAV versus BAV (OR=0.58, 95% CI 0.3-1.3, P=0.09). However, there was significant heterogeneity between results (I 2 =54%) reflecting variability between studies (Figure 2A ). In studies reporting hospital or 30-day mortality, there were 21 deaths out of 533 (4%) SAV patients and 105 deaths out of 1815 (6%) BAV patients with no difference in hospital or 30-day mortality between SAV and BAV (OR=0.98, 95% CI 0.5-2.0, P=0.27, I 2 =22%) ( Figure 2B ). Overall Hayden risk of bias score did not reach significance for either mortality (P=0. 14) or risk of at least moderate regurgitation (P=0.08).
Long-Term Outcomes
Kaplan-Meier curves showed no significant difference in survival between groups (P=0.31) ( Figure 3A ). Survival at 10 years was 87% (95% CI 81-90) in the BAV group and 90% (95% CI 85-94) in the SAV group. In terms of secondary outcomes measures, freedom from valve replacement was also not significantly different between groups (P=0.17) ( Figure 3B ). Ten-year freedom from valve replacement was 76% (95% CI 67-83) for BAV and 81% (95% CI 72-87) for SAV. However, there was significantly more reintervention in patients undergoing initial BAV compared to SAV (P<0.001) ( Figure 3C ). Freedom from reintervention at 10 years was 46% (95% CI 40-52) in the BAV group and 73% (95% CI 68-77) in the SAV group.
In sensitivity analysis restricted to the subset of infants (<1 year of age) at the time of BAV (n=282) or SAV (n=201), results were unchanged, with no difference between groups in survival (P=0.23) or freedom from valve replacement (P=0.7) ( Figure 4A and 4B) , but there was more reintervention in the BAV group (P<0.001) ( Figure 4C ). There was no difference in results when they were stratified by overall Hayden risk of bias score ( Figure S1 ).
Discussion
In this meta-analysis comparing balloon valvuloplasty and surgical valvotomy for children presenting with congenital aortic valve stenosis, we demonstrate no differences in longterm survival or rates of aortic valve replacement but significantly higher rates of reintervention following balloon valvuloplasty. The findings were unchanged when the analysis was limited to infants (<1 year of age) at initial intervention. The choice of BAV or SAV has to date been based on little comparative data. We identified only 6 comparative studies published since 2000. [1] [2] [3] 11, 15, 18 Five of these represent single-or dual-center reports with patients treated with either SAV or BAV. 2, 3, 11, 15, 18 Conclusions ranged from clear benefit with SAV 2,3 to similar outcomes with either approach. 18 The sixth study, a landmark study by McCrindle et al, was a database analysis including 110 neonates from 18 centers participating in the Congenital Heart Surgeons' Society (CHSS) database between 1994 and 2000. In multivariable analysis they found no difference in freedom from reintervention or survival between BAV and SAV. 1 However, in a more recent analysis, Siddiqui et al demonstrated significantly better freedom from reintervention and aortic valve replacement after SAV. In that study the authors argued that improvements in surgical technique over time, including thinning of leaflets and resection of nodular dysplasia, could account for the differences noted. 3 Our findings are similar to those reported by Siddiqui et al with increased reintervention after BAV, although it should be noted that our pooled analysis demonstrates substantially lower rates of reintervention after BAV (54% in our pooled analysis versus 73% in the Siddiqui et al analysis at 10 years).
For several reasons it could be argued that the reintervention rate represents a suboptimal outcome measure for congenital aortic valve stenosis. First, decisions to reintervene are typically arbitrary with no uniform criteria, particularly when there is mixed valvar disease with both stenosis and insufficiency. Second, thresholds for reintervention may vary depending on the institutional preference for BAV versus SAV.
Finally, center approach may vary as BAV potentially allows for a staged approach, either as a means to delay until SAV or with more frequent but more "gentle" dilation of the valve, thereby leaving more stenosis but avoiding regurgitation. The majority of patients with residual/recurrent stenosis after BAV are treated with repeat BAV, whereas those with insufficiency or mixed stenosis and insufficiency are treated surgically, typically with valve replacement. 23, 24 Notably, our data do not entirely fit this latter hypothesis as, although not quite statistically significant, there was more aortic regurgitation after BAV (P=0.09), and patients demonstrated greater residual echocardiographic peak Doppler gradients (P=0.06). In any case, the benefit of this meta-analysis is that it provides enough patients to power comparison of more meaningful but less common outcomes such as mortality and valve replacement. When focusing on these more concrete endpoints, our findings demonstrated no difference between the competing strategies and were reassuring overall, with pooled survival rates of 85% to 90% at 10 years. Nonetheless, it is clear that this represents a lifelong disease. Both reintervention and valve replacement were common, occurring in 40% and 20% to 25%, respectively, by 10 years after initial intervention. These data highlight that for many patients both BAV and SAV can be considered as palliative procedures, delaying rather than preventing valve replacement.
A novel aspect of this study is that we used a method to extract individual patient data from published Kaplan-Meier curves. This method was published in 2012 by Guyot et al and involves distributing censored events evenly over the time period between provided numbers at risk. This method is accurate with a mean absolute error of À0.272% for survival estimates if all information (total number of events and numbers at risk) is provided. 22 We chose to exclude studies without all information as the accuracy of extracted data deteriorates. In this way we were able to recreate individual patient data and combine data from comparative studies with data from single-arm studies of SAV 4,5,7,17 and BAV. 6, [8] [9] [10] [12] [13] [14] 16, 19, 20 Despite our novel approach, this study is nonetheless limited by the fact that patients were not randomized or even in comparative studies. Some studies had unreported data regarding age at initial intervention, valve morphology, and other baseline characteristics. Moreover, uniformity of outcome definitions between studies is often problematic in meta-analyses. In this study reintervention was the only variable outcome measure. It was defined by the majority as any repeat aortic valve procedure (including BAV, SAV, or aortic valve replacement) [2] [3] [4] [5] 10, 11, [15] [16] [17] [18] 20 ; however, studies typically did not specify whether BAV or SAV was used for reintervention. Moreover, 2 studies also included non-aortic valve reinterventions. We elected to include these studies as these reinterventions (which could not be individually excluded) represented only 8 cases from the BAV group out of the 67 total reinterventions and 185 patients included from these 2 studies. 6, 14 Because of these limitations and for the reasons outlined in our earlier discussion, we feel that reintervention rate is a less meaningful study endpoint than the "harder" endpoints of survival or time to aortic valve replacement. Another limitation is the possibility that patients from different studies may have different baseline characteristics. To reduce heterogeneity, we used a sensitivity analysis restricting the cohort to the subset of infants undergoing initial intervention with BAV or SAV. Prior studies have also separately evaluated neonates with critical aortic stenosis 1 ; however, we did not have adequate power for this analysis. Additionally, as with any systematic review and metaanalysis, this study is subject to publication bias. However, we compared noncomparative single-intervention studies that are Favors SAV Favors BAV subject to the same publication bias, in essence comparing the best results of BAV to the best results of SAV. In visual evaluation of a funnel plot there was no evidence of publication bias. Systematic reviews and meta-analyses are also limited by the quality of study included. In this case there are many singlecenter studies, which may introduce institutional biases. This is particularly true with regard to criteria for reintervention, which was not predetermined in any study. Finally, we used a method to extract data rather than relying on actual individual patient data. Although using individual patient data for meta-analyses is ideal, it is rarely possible. Data are often no longer available, or authors are unwilling to share their work. The method used in our study has been demonstrated to be remarkably accurate when the total number of events and the number at risk are both presented, as they were in all articles used for these data. 22 
Conclusions
For children with congenital aortic valve stenosis, initial treatment with balloon valvuloplasty or surgical valvotomy results in similar short-term gradient reduction, incidence of moderate or greater aortic regurgitation, and survival. In longer-term follow-up, there is no difference in freedom from aortic valve replacement or survival in either children or infants. There is a significantly higher rate of reintervention following initial balloon valvuloplasty overall and in infants alone. These data support the use of either approach for initial treatment of children with aortic valve stenosis, based on institutional preference. More importantly these data support equipoise for a randomized trial and also demonstrate the particular importance of capturing as trial endpoints both indication for reintervention and type of reintervention.
